Little is known about lung carcinoma epidermal growth factor (EGF) kinase pathway signaling within the context of the tissue microenvironment. We quantitatively profiled the phosphorylation and abundance of signal pathway proteins relevant to the EGF receptor within laser capture microdissected untreated, human non-small cell lung cancer (NSCLC) (n ‫؍‬ 25) of known epidermal growth factor receptor (EGFR) tyrosine kinase domain mutation status. We measured six phosphorylation sites on EGFR to evaluate whether EGFR mutation status in vivo was associated with the coordinated phosphorylation of specific multiple phosphorylation sites on the EGFR and down- The phenotype of an individual patient's cancer is a product of the somatic genetic mutations underlying the tumor. One or more of these genetic changes provides a survival advantage for the cancer cells in the context of the tissue microenvironment. Thus, at a functional level, protein-mediated signaling is directly and indirectly influenced by both the genetic underpinnings and the microecology of the tumor. The "oncogene addiction theory" postulates that genetic mutations cause an oncogenic protein to dominate the signaling control of the cancer cell clone, thereby driving it to survive, grow, invade, and metastasize (1, 2). Mutations in the ERBB
The phenotype of an individual patient's cancer is a product of the somatic genetic mutations underlying the tumor. One or more of these genetic changes provides a survival advantage for the cancer cells in the context of the tissue microenvironment. Thus, at a functional level, protein-mediated signaling is directly and indirectly influenced by both the genetic underpinnings and the microecology of the tumor. The "oncogene addiction theory" postulates that genetic mutations cause an oncogenic protein to dominate the signaling control of the cancer cell clone, thereby driving it to survive, grow, invade, and metastasize (1, 2) . Mutations in the ERBB 1 family of protein receptors are associated with a significant proportion of carcinomas of all types. This class of receptors is particularly poised to play a role in cancer because their normal function involves growth stimulation, prosurvival, motility and migration, and stem cell recruitment (3) (4) (5) (6) (7) . Current goals of molecular oncology research are to understand how an oncogenic mutation manifests itself at the level of the signal transduction network of the cell, why the altered network provides a survival benefit for the tumor, and how this knowledge can be exploited for individualization of therapy (for a review, see Riedel and Febbo (8) ). Epidermal growth factor receptor (EGFR) is a member of the ERBB family of receptor tyrosine kinases that regulates cellular growth, survival, and proliferation. EGFR has been extensively characterized regarding its kinase activity (9) , amino acid sequence (10) , receptor abundance (11) , autophosphorylation properties (12) , substrates (13) (14) (15) , and mutation sites (16) . Overexpression of EGFR in various malignancies (17) as well as the identification of specific EGFR mutations that enhance therapy response to small molecule inhibitors, notably in lung adenocarcinoma patients, and the observation that patients without detectable EGFR kinase domain mutations respond to tyrosine kinase inhibitor therapy qualifies EGFR as a promising molecular end point for individualized therapy (18 -21) . The dichotomy of objective treatment response to EGFR mutation status in a subset of patients suggests possible alternative mechanisms of receptor or downstream protein activation independent of the EGFR kinase domain, further emphasizing the goals of this study in assessing the phosphoprotein profile of mutant and wild type EGFR lung carcinoma cell populations.
Very little is known about the state of lung carcinoma epidermal growth factor (EGF) kinase pathway signaling within the context of the human lung tissue microenvironment. Within a growing human carcinoma, the tumor cell population is influenced by autocrine and paracrine signaling and cell-cell interactions within the heterogeneous tissue microenvironment. The concentration, source, or temporal fluctuations of cytokines and growth factors influencing the carcinoma cells is unknown. In any individual tumor, ligands that influence the ERBB family of receptors can be generated by the tumor cells themselves or by local host cells. Each individual patient's carcinoma specimen contains a variable, heterogeneous proportion of stroma, lung parenchyma, bronchial epithelium, inflammatory cells, and endothelial cells. All of these noncarcinoma subpopulations may contain EGF receptors, participate in EGFR signaling, or contribute EGFR-related ligands. Furthermore it is unknown what proportion of the carcinoma population at any point in time is undergoing active signaling for a specific pathway. Consequently the state of the EGFR kinase signaling network within the lung carcinoma cells in a tumor specimen cannot be adequately studied using heterogeneous, ground-up tumor tissue or cultured cell lines (22) (23) (24) . Laser capture microdissection (LCM) addresses the problem of sample cellular heterogeneity by providing a means to separate tumor cells from the large number of non-tumor cells within the complex microenvironment (22) (23) (24) (25) (26) . Microdissection also lends itself to studying tissue heterogeneity in respect to 1) spatial orientation of the tissue, i.e. invasive front, necrotic center, and distal portions, or 2) composite diseased/uninvolved cell populations. In this study, we microdissected serial sections of lung adenocarcinoma samples, at various depths of the tissue block, to provide a composite portrait, at the protein level, of the entire tumor cell population.
In the present study we quantitatively profiled the phosphorylation (abundance) of signal pathway proteins relevant to the EGF receptor signal pathway (see Table II ) within laser capture microdissected untreated, human non-small cell lung cancer (NSCLC) of known EGFR mutation status. Evaluating the combination of specific receptor protein phosphorylation sites in a tumor sample provides direct functional evidence that the receptor has changed its three-dimensional shape, dimerized, or undergone autophosphorylation on the cytoplasmic region of the receptor. The existence of phosphorylation on the EGFR is transient and may only occur if the receptor is engaged in signaling. Such phosphorylation provides sites of interaction for downstream signaling pathways that drive the growth, survival, differentiation, and motility of cells (3, 6, (27) (28) (29) (30) (31) (32) . Thus, measurement of the phosphorylation sites provides functional information not obtainable by genomics or transcriptomics measurement of the receptor. For analysis of microdissected carcinoma cells we measured six phosphorylation sites on the EGF receptor and 20 selected downstream signal proteins to evaluate whether EGFR mutation status in vivo was associated with the coordinated phosphorylation or combination of specific multiple phosphorylation sites on the EGFR.
EGFR tyrosine kinase domain gene sequencing was performed for each lung adenocarcinoma case. Thus the EGFR tyrosine kinase domain mutation status of each case in this study set was known and could therefore be compared with the phosphoprotein/signaling protein profile of each case. This is the first comparison of the phosphoprotein profile with the kinase domain mutation status in vivo. 10 -20% of nonsmall cell lung cancer patients in the United States have sensitizing mutations in the EGFR. Specific somatic mutations in the ATP binding pocket of epidermal growth factor receptor have been identified in lung cancer patients who responded favorably to treatment with tyrosine kinase inhibitors directed against EGFR (18, 19) . Deletion mutation DelE746A750 in exon 19 and point mutation L858R in exon 21 increase enzyme activity and increase the tyrosine kinase V max and K m for ATP (33) . Gefitinib (Iressa) and erlotinib (Tarceva) compete for ATP binding of the receptor and have been shown to be more effective in patients harboring EGFR mutations such as DelE746A750 or L858R. These mutations comprise 85% of EGFR mutations (34 -37) . In addition to L858R mutations, other important mutations include (a) exon 19 deletions in which 17 different variants have been identified, (b) exon 20 point mutations, (c) exon 18 point mutations, (d) other point mutations in exon 21 in addition to the L858R mutation, and (e) other mutations in the EGF binding domain (16) .
The present analysis of microdissected lung carcinoma cells revealed specific potential correlations and differences between multiple phosphorylation sites on the EGFR and corresponding downstream proteins for the tumors with EGFR mutations compared with tumors without such mutations. Because it is not possible to measure local EGFR ligand levels in human tissue samples and multiple classes of ligand exist, it was not possible to treat whole tissue pieces with ligand. To explore which of these phosphorylation events might be related to the presence or dose of ligand induction we conducted a time course study of EGF ligand-stimulated cultured NSCLC cell lines of known EGFR tyrosine kinase domain mutation status.
In an initial series of cell culture studies we evaluated 26 end points (see Table II ) at one concentration of EGFR ligand stimulation. In a second set of triplicate, independent time course studies we quantified 115 analytes (see Table II) after stimulation by three different EGF ligand concentrations. The results of the cell line studies showed several important similarities between the cell lines and the human microdissected lung tissue. These include the simultaneous and coordinated expression of multiple phosphorylation sites across the entire class of EGFR tyrosine kinase domain mutations, including the point mutation L858R and deletion mutation DelE746A750. Information gleaned from the quantitative time course cell line data examined in light of the microdissected tissue findings has allowed us to postulate the specific intrinsic effects of the EGFR mutation on the downstream signaling cascade.
EXPERIMENTAL PROCEDURES

Human Adenocarcinoma Tissue
Tissue Samples and Laser Capture Microdissection-Fresh frozen lung adenocarcinoma specimens, stages I/II/III (n ϭ 25), and relevant clinical data were obtained from the National Institutes of Health, National Cancer Institute, Laboratory of Human Carcinogenesis (38, 39) (see Table I ). All patient samples were collected with informed consent as approved by their respective institutional review boards. An independent board-certified pathologist (L. A. L.) verified the presence of adenocarcinoma tissue prior to laser capture microdissection.
Eight-micrometer cryostat sections were sectioned on silanized glass microscope slides (ThermoFisher, Atlanta, GA) or polyethylene naphthalate membrane slides (Molecular Devices, Sunnyvale, CA). The frozen sections were stored at Ϫ80°C prior to staining and microdissection. The frozen section slides were fixed briefly in 70% ethanol, rinsed in water, stained with Mayer's hematoxylin (SigmaAldrich), developed in Scott's Tap Water (ThermoFisher), and dehydrated in an ethanol gradient (70, 95 , and 100%) with a final rinse in xylene (Sigma). The sections were allowed to air dry briefly prior to laser capture microdissection. Pure tumor cell populations were microdissected with a PixCell IIe or Veritas LCM instrument (Molecular Devices). Microdissected cells were stored at Ϫ80°C prior to microarray construction.
Reverse Phase Protein Microarray Construction-The microdissected cells were subjected to lysis with a 2.5% solution of 2-mercaptoethanol (Sigma) in Tissue Protein Extraction Reagent (T-PER TM , Pierce)/2ϫ SDS Tris-glycine 2ϫ SDS buffer (Invitrogen). Reverse phase protein microarrays were printed in duplicate with whole cell protein lysates as described by Petricoin et al. (40) . Briefly the lysates were printed on glass-backed nitrocellulose array slides (FAST slides, Whatman) using a GMS 417 arrayer (Affymetrix, Santa Clara, CA) equipped with 500-m pins or an Aushon 2470 arrayer equipped with 350-m pins (Aushon Biosystems, Billerica, MA). Each lysate was printed in a dilution curve representing undiluted lysate and 1:2, 1:4, 1:8, 1:16, and negative control dilutions. The slides were stored with desiccant (Drierite, W. A. Hammond, Xenia, OH) at Ϫ20°C prior to immunostaining.
Reverse Phase Protein Microarray Immunostaining-Immunostaining was performed on an automated slide stainer according to the manufacturer's instructions (Autostainer catalyzed signal amplification (CSA) kit, Dako, Carpinteria, CA). Each slide was incubated with a single primary antibody at room temperature for 30 min. Each array was probed with a single polyclonal or monoclonal primary antibody (see Table II ). The negative control slide was incubated with antibody diluent. Secondary antibody was goat anti-rabbit IgG heavy ϩ light (1:5000) (Vector Laboratories, Burlingame, CA) or rabbit antimouse IgG (1:10) (Dako). Subsequent protein detection was amplified via horseradish peroxidase-mediated biotinyl tyramide with chromogenic detection (diaminobenzidine) according to the manufacturer's instructions (Dako). Total protein per microarray spot was determined with SYPRO Ruby blot stain (Invitrogen) according to the manufacturer's directions. Imaging was performed with an Alpha Innotech (San Leandro, CA) FluorChem imager.
Antibody Validation and Phosphoprotein Specificity-Primary antibodies (see Table II ) were validated prior to use by immunoblotting with complex cellular lysates such as commercial cell lysates or human tissue lysates (supplemental Fig. 2 ). Criteria for antibody validation were (a) a single band at the correct molecular weight or (b) if two bands were present 80% of the signal must have been at the correct molecular weight. Specificity of the phosphoprotein-specific antibodies was verified by peptide competition on an immunoblot (supplemental Fig. 2 ) when the corresponding peptide/antibody pair was available. The specificity criterion was a reduction in signal intensity in the presence of the corresponding peptide compared with the antibody alone. Further specificity for phosphospecific antibodies was verified by peptide/antibody reactivity on a reverse phase protein microarray (RPPA). A series of peptides and peptide mixtures were immobilized on a nitrocellulose-coated slide. The slide was probed with a single antibody. An antibody was considered specific if the spot signal intensity was not greater than 2 S.D. above background for any peptide other than its corresponding peptide or a mixture of peptides containing the cognate peptide (supplemental Fig. 3 ). The antibody was specific if it bound to its cognate peptide or a mixture containing its corresponding peptide.
Cell Culture and EGF Stimulation Evaluation of EGF Stimulation on Wild Type and EGFR Mutant Cell
Lines-The human NSCLC cell lines A549 (WT), H1650 (DelE746A750), and H1975 (L858R/T790M) were obtained from American Type Culture Collection (ATCC, Manassas, VA) and were routinely cultured at 37°C in a humidified 5.0% CO 2 atmosphere in F-12K (A549) or RPMI 1640 medium (H1650 and H1975) (ATCC) supplemented with 10% heat-inactivated fetal bovine serum (ATCC). Cells were passaged using trypsin/EDTA (ATCC). Approximately 5.0 ϫ 10 3 A549, 1.5 ϫ 10 3 H1650, and 10.0 ϫ 10 3 H1975 cells were subcultured into 24-well plates and cultured until 80% confluent. Cells were grown in serum-free medium for 24 h prior to treatment with 100.0 ng/ml recombinant EGF in medium (Cell Signaling Technology, Danvers, MA). Treated and untreated cells were subsequently collected at 0, 1, 2, 5, 10, 15, 30, and 60 min. At each time point the cells were washed once with PBS and then lysed directly in a 2.5% solution of 2-mercaptoethanol (Sigma) in T-PER (Pierce)/2ϫ SDS Tris-glycine 2ϫ SDS buffer (Invitrogen) and protease inhibitor mixture (Sigma). Cell lysates were stored at Ϫ80°C prior to microarray construction.
EGF Stimulation Time Course Assays-Additional cell stocks of NSCLC cell lines A549 and H1975 were obtained from ATCC and were cultured as described above. Approximately 5.0 ϫ 10 4 A549 (WT) and 6.5 ϫ 10 4 H1975 (L858R/T790M) cells were subcultured into 6-well plates and cultured for 3 days. On day 4, cells were grown in serum-free medium for 24 h prior to treatment with recombinant EGF in medium (Cell Signaling Technology). On day 5, at 80% confluence, cells were treated with EGF at 5.0, 50.0, or 500.0 ng/ml; 1 mM pervanadate-supplemented medium; or medium alone. Treated and untreated cells were subsequently collected at 0, 1, 3, 5, 7, 9, 15, 30, 60, and 180 min. At each time point the cells were washed twice with PBS and lysed in 100 l of a 2.5% solution of 2-mercaptoethanol (Sigma) in T-PER (Pierce)/2ϫ SDS Tris-glycine 2ϫ SDS buffer (Invitrogen). Time 0 samples were a mock treatment consisting of immediate removal of medium, washing, and lysis. Cell lysates were stored at Ϫ80°C prior to microarray construction. The time course was repeated on three individual days.
Reverse Phase Protein Microarray Printing of Cell Line SamplesSamples were diluted 1:4 to obtain an approximate 1.0 mg/ml total protein concentration and then denatured by heating at 100°C for 7 min. Two-fold dilution curves (undiluted, 1:2, 1:4, and 1:8) of A549 and H1975 time course lysates and A431 and A431 ϩ EGF control cell lysates (BD Biosciences) were printed in an array format onto FAST nitrocellulose slides (Whatman) with an Aushon 2470 arrayer equipped with 350-m solid pins. Humidity was set to 50% producing a final spot diameter of 650 m. Arrays were stored with desiccant at Ϫ20°C prior to immunostaining.
RPPA Detection-Arrays were blocked (I-Block, Applied Biosystems, Foster City, CA) for 1 h and subsequently probed with 115 phosphorylated, cleaved, or total protein antibodies (see Table II ) using a Dako autostainer as described for the human tissue samples. Total protein per microarray spot was determined with Deep Purple (GE Healthcare) or SYPRO Ruby blot stain (Invitrogen) and visualized with a modified Affymetrix GMS 428 scanner or a NovaRay (Alpha Innotech) imaging platform. Each array was scanned, spot intensity was analyzed, data were normalized to total protein/spot, and a standardized, single data value was generated for each sample on the array (Image Quant v5.2, GE Healthcare).
Statistical Analysis-The Ward method for two-way hierarchical clustering was performed using JMP v5.0 (SAS Institute, Cary, NC). Spearman's non-parametric analysis was used to compute the likelihood of correlations between end points. When data were normally distributed, two-sample t test was used (SAS v9.1.3). Wilcoxon rank sum test was used to compare values between two groups if data were not normally distributed (R v2.6.1). p values less than 0.05 were considered significant.
PCR and Sequencing Methods for Genomic DNA-Tissue samples were sequenced as described previously (38, 39) for exons 18 -21 (EGFR tyrosine kinase domain). For verification of known EGFR and K-RAS mutations in H1975 and A549 cell lines, total RNA was extracted from both cell lines using the RNeasy minikit (Qiagen) according to the manufacturer's instructions. RNA was DNase-treated (DNAfree TM , Ambion), and RNA quality was measured by denaturing agarose gel analysis. Reverse transcription with the Bio-Rad iScript cDNA synthesis kit was subsequently performed. EGFR exons 17-22 were amplified with forward primer CCTAAGATCCCGTCCATCG and reverse primer AGGCGTTCTCCTTTCTCCAG. Forward primer AG-GCCTGCTGAAAATGACTG and reverse primer TCCTGAGCCTGTTT-TGTGTCT were used to amplify exons 1-4 for K-RAS sequencing. PCR was executed with Platinumா PCR Supermix (Invitrogen) according to the manufacturer's recommendations with an annealing temperature of 55°C. Amplicons were purified using QiaQuick PCR purification kit (Qiagen). Sequencing was completed by Northwoods DNA, Inc. using forward primer CCAACCAAGCTCTCTTGAGG to determine the presence or absence of T790M and EGFR L858R mutations and reverse primer TGACCTGCTGTGTCGAGAAT to determine the presence or absence of K-RAS mutation.
Immunoblotting Analyses-Cell lysates were prepared from 50.0 ng/ml EGF-treated A549 and H1975 cells. Proteins were resolved by SDS-PAGE (4 -20% gel) and electrophoretically transferred to PVDF (Millipore). Membranes were probed with polyclonal antibodies to EGFR, EGFR L858R, and AKT Ser-473 (Cell Signaling Technology). Immunoreactive bands were detected using horseradish peroxidaseconjugated goat anti-rabbit IgG (Vector Laboratories) and ECL substrate (Pierce). ␤-Actin (Cell Signaling Technology) staining was performed as a loading control. Imaging analysis was performed with an Eastman Kodak Co. 4000MM imager.
RESULTS
PCR and Genomic DNA Sequencing of EGFR-Sequencing
of EGFR exons 17-22 in H1975 and A549 adenocarcinoma cells confirmed previously published results that A549 cells do not harbor mutations in the tyrosine kinase domain, whereas H1975 cells carry mutation L858R in exon 21 and resistance mutation T790M in exon 20 (16) . Additionally K-RAS sequencing confirmed the presence of point mutation G12S in A549 cells. K-RAS mutations were not found in the H1975 cells. NSCLC patient samples were sequenced previously for EGFR tyrosine kinase domain mutations (exons 18 -21) (38, 39) . In this small study set (n ϭ 25), eight tissue samples had mutations in the EGFR tyrosine kinase domain (Table I ). It is noteworthy that a higher percentage of patients harboring the L858R mutation in this study were female nonsmokers (60%) with advanced disease stage; this is consistent with data published previously (18, 41) .
EGFR Mutations Are Associated with Site-specific Phosphorylation of EGF Receptor in NSCLC Cells Procured by
LCM-To elucidate cell signaling pathways relevant to human lung adenocarcinomas, we used laser capture microdissection to procure pure tumor cell populations from human lung biopsy specimens (Fig. 1 ). An advantage of this study was the collection of snap frozen tumor specimens at the time of primary surgical diagnosis. Therefore we were not evaluating the effects of treatment on the cellular signaling pathways but rather the state of the tumor at time of procurement in treatment-naïve patients. A total of 31 cases were available for this study. We applied a set of quality assessment criteria to the samples to judge their adequacy for microdissection (22) . Criteria were: (a) presence of tumor cells, (b) sufficient size and quantity of tissue, and (c) absence of dehydration or freeze-thaw artifacts. One case was judged inadequate because of freezer dehydration artifacts. Four cases consisted of connective tissue with minimal tumor cells. One case was not analyzed because of insufficient total protein on the microarray. 83% of the cases were judged to be adequate for microdissection and array analysis. 10 -15 cryosections were prepared for each case with 1-2 sections/slide. The average number of laser pulses (shots) per slide was 1,149 with an average microdissection efficiency of 95%, resulting in ϳ15,000 -30,000 cells/sample collected from multiple cryosections.
This was sufficient material for adequate sensitivity and specificity on the RPPA (40, (42) (43) (44) . Human endothelial (HE) cell lysates treated with pervanadate were used as a model of phosphorylated vascular endothelial growth factor receptor sensitivity and precision (supplemental Fig. 1 ). Human endothelial cells are known to express ϳ100,000 vascular endothelial growth factor receptors/cell. Sensitivity of the arrays probed with anti-VEGFR Tyr-951 was found to be ϳ3,000 -4,000 receptor molecules. To determine interslide precision, HE cells treated with pervanadate were printed in duplicate on eight slides and probed with anti-VEGFR Tyr-951. Excellent dose-response curves were observed between arrays (percent coefficient of variation, 5.0 -17.8%; n ϭ 8). Within-run variation (n ϭ 12) was found to be within 2.0 -18.1% for the HE ϩ pervanadate cell lysate with good linearity (r 2 ϭ 0.9693) (supplemental data).
Post-translational modifications of EGFR and associated downstream proteins (Table II) were quantitatively measured using RPPA technology. To assess the global activity of the EGF receptor, we measured the activation state of six EGFR phosphorylation sites (Tyr-845, Tyr-992, Tyr-1045, Tyr-1068, Tyr-1148, and Tyr-1173) as well as total EGFR. We used the L858R mutation-specific antibody to validate our mutation sequencing results. This antibody recognizes EGFR with the L858R point mutation, which is one member of the group of mutations found to correlate with sensitivity to gefitinib therapy. This antibody only stained the H1975 mutant cell line and the known L858R tissue samples, providing an independent means of cross-checking the array data and mutation analysis (Figs. 2 and 3 and Table I ).
Unsupervised hierarchical clustering analysis revealed the presence of two major groups with six of eight mutants clustered distinctly from the 17 wild type samples (Fig. 3 ). All the mutation cases were associated with higher levels of EGF receptor phosphorylation on residues Tyr-1148 and Tyr-1068 and lower levels of phosphorylation for SMAD/IRS-1/HER2 end points. This was confirmed by t test and Wilcoxon rank sum analysis of the individual analytes (Table III) .
Five of six patient samples possessing either an L858R or deletion exon 19 EGFR mutation had a concomitant unique double phosphorylation of EGFR residues Tyr-1068 and Tyr-1148 as well as a reduction in HER2 Tyr-1248, IRS-1 Ser-612, and SMAD2 Ser-465/467 compared with the wild type. More- over the mutant samples exhibited reduced levels of EGFR Tyr-1045, Tyr-845, and Tyr-1173 compared with the wild type (Fig. 2) . Thus, the mutant EGFR as a class appeared different from the wild type with regard to elevated phosphorylation of specific EGFR sites, whereas the wild type as a class had elevation in HER2 Tyr-1248, IRS-1 Ser-612, and SMAD2 Ser-465/467 (Fig. 4) .
EGFR Mutant Tissue Carcinoma Cell Populations Exhibit Distinct Pairwise Correlations Compared with Wild Type-To
further understand these correlations, Spearman's nonparametric analysis was conducted to examine the strength of the linear relationship between pairs of end points among all the end points analyzed. Spearman's correlation coefficient is computed on the ranks of the data using the formula for Pearson's correlation. The Pearson product-moment correlation coefficient measures the strength of the linear relationship between two variables. The results are shown in Table IV , which displays those correlations that have a significant p value (p Ͻ 0.01) and correlation coefficient Ͼ0.80. As a class, the mutant carcinomas were found to have a correlation between pairs of phosphorylation sites on EGFR and AKT (Table  IV) . In contrast the wild type samples lacked correlations of these same two proteins and phosphorylation sites. The wild type samples were scored as having strong correlations between MTOR Ser-2481 and IRS-1 Ser-612 (Fig. 5 ), COX2 and IRS-1 Ser-612, and EGFR Tyr-992 and 14-3-3 ␥. These correlations were not observed in the mutant. Instead the mutant samples showed a significant correlation between 11 protein pairs including SRC Tyr-527 and SHC Tyr-317 as well as EGFR Tyr-1045 and 14-3-3 ␥ (Fig. 5) . The point mutation-specific antibody, anti-EGFR L858R, did not show any statistically significant differences in our study set of eight EGFR mutated samples and 17 wild type samples, although there was clustering of L858R mutant samples by unsupervised hierarchical clustering (Fig. 2) . This is most likely because of the inclusion of multiple classes of mutations in the mutated group and the specificity of the antibody for the L858R mutation. Although we do not know the extent to which other gene mutations such as p53, K-RAS, or RB (retinoblastoma) may influence AKT signaling (45), the observed signaling profiles in this study set may provide clues indicating the organization of the EGFR-related protein network linkages regarding differences between the wild type and mutant adenocarcinoma samples. (Table II) . For many of the end points examined, the amplitude of phosphorylation change over time was similar for the mutant and wild type, for example EGFR Tyr-1173 (Fig. 6 ). Nevertheless specific differences were noted between the mutants and wild type. Sustained phosphorylation over time was observed for AKT Ser-473, SHC Tyr-317, and FOX01 (FKHR) Thr-24 for both mutated cell lines H1975 and H1650 compared with wild type (Fig. 6 ). For these end points, phosphorylation returned to base line within 30 min in the A549 wild type cells, whereas phosphorylation remained elevated within the 60-min time course for the H1975 L858R mutant cells. The behavior of the H1975 L858R cell lines was more dissimilar to the wild type as compared with the H1650 DelE746A750 cell line. Of note, the H1650 mutant cell line did not show the enhanced phosphorylation of EGFR Tyr-1068 and Tyr-1148 found in the H1975 L858R mutant cell line (Fig. 6 ). This initial study showed differences in EGFR phosphorylation and associated downstream proteins for H1975 L858R mutant cell lines compared with wild type and H1650 over a 60-min time course for a single concentration of EGF (100.0 ng/ml). Therefore in the subsequent experiments with three doses of EGF ligand stimulation over a 180-min time course we did not evaluate the H1650 cell line.
EGF Stimulation of Wild Type and EGFR-mutated Cell Lines
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Experimental EGF Ligand Stimulation of Mutant and Wild
Type EGFR Cell Lines-Because the concentration of ligand in tissue is unknown and the initial time course study was relatively short, we extended these studies to a series of EGF doses and a longer time course in A549 and H1975 cell lines. The H1975 cell line contains the same point mutation (L858R) found in the majority of the mutated patient samples. These data also provided us with the opportunity to (a) observe pathway protein fluctuations that occur in response to EGF stimulation in vitro and (b) examine the distinct dose-response differences between WT and mutant (L858R) EGFR cell lines.
We determined the effects in vitro when A549 (WT) and H1975 (L858R) cells were stimulated with 5.0, 50.0, or 500.0 ng/ml EGF at time points 0, 1, 3, 5, 7, 9, 15, 30, 60, and 180 min. We evaluated 115 different end points to screen for changes in intrinsic EGFR-related signaling between WT (A549) and L858R (H1975) cell lines. 47 protein end points of 115 tested (Table II) changed more than 20% compared with base line (untreated cells) for either the wild type or mutant cell lines (data not shown). ␤-Actin was analyzed as a control protein in this time course. As expected, the values for ␤-actin were not significantly different between the mutant and wild type cell lines (data not shown).
Dose-dependent EGF Stimulation in WT and
Mutant EGFR Cell Lines-To understand the impact of experimental variability we performed three independent experiments with the 47 end points described above that appeared to change more c Cell line screening time course was a single replicate experiment for global evaluation of cell signaling differences among multiple protein end points. The goal was to determine which end points changed Ϯ20% after EGF ligand stimulation and use this subset of proteins for further in-depth analysis.
d ␤-Actin was included as a control protein and was analyzed in microdissected cells and cell lines. There was not a significant difference for ␤-actin in the mutant cells compared with wild type. than 20% over base line for the three doses of EGF stimulation. ␤-Actin was analyzed as a control protein in this time course. As expected, the values for ␤-actin were not significantly different between the mutant and wild type cell lines (data not shown). These studies were conducted on three different days with three independent cell cultures. Table V shows 32 end points that changed significantly over the entire time period (by t test or Wilcoxon rank sum depending on the normality of the data distribution), of 47 end points tested, above unstimulated basal levels for each cell line and ligand dose (p Ͻ 0.01). A549 cells exhibited 26 different protein end points that responded significantly to EGF stimulation, compared with untreated, basal cells (p Ͻ 0.01), to at least one of the concentrations of EGF. Levels of 27 protein end points were significantly (p Ͻ 0.01) different from controls in H1975 cells following EGF ligand stimulation (Table V) .
A major finding of the initial time series was recapitulated in these triplicate series. AKT Ser-473 at 50 and 500 ng/ml dosages of EGF was higher over time in mutant compared with WT (Fig. 7) . This finding was confirmed by Western blotting and appeared unrelated to any change in the levels of total EGFR (Fig. 8) . Similar to what was found for the microdissected tissue, phosphorylation of HER2 Tyr-1248 was significantly up-regulated in the wild type compared with the mutant for all concentrations of ligand (p Ͻ 0.0001) (Fig. 9) . A parallel control arm of the experiment consisted of cell treat-
FIG. 2. Unsupervised hierarchical clustering of LCM-procured non-small cell lung carcinoma cells analyzed by reverse phase protein microarray.
Each row (horizontal axis) represents a patient sample listed by known EGFR tyrosine kinase domain mutation status; each column (vertical axis) represents a cell signaling protein end point. The data cluster into two major clusters: six of eight EGFR mutant samples in one cluster and 17 wild type samples in the second cluster. ment with 1 mM pervanadate to judge the maximum potential phosphorylation level of the analytes being measured. End points that were stimulated following 500.0 ng/ml EGF exposure were within 80% of the maximum value obtained with pervanadate treatment (Fig. 7) .
The analysis provided in Table V provides a survey of major differences in the downstream or associated signal proteins that may interact with the EGFR. For this analysis we make the assumption that any protein that exhibits changes in its phosphorylated state in response to EGF ligand stimulation, compared with the unstimulated cells, over 180 min is directly or indirectly interacting with the EGFR. As shown in Table V mutant at 50 and 500 ng/ml EGF, whereas LKB1 Ser-428 and ENOS Ser-116 were reactive in the mutant but not the wild type for at least two concentrations of EGF. Of note, phosphorylation of EGFR Tyr-1148 in the wild type cells was not significantly reactive until a concentration of 50.0 ng/ml EGF was reached, and for this same residue with the mutant H1975 cells, there was no significant change for any dose of EGF tested (Fig. 9) .
Phosphorylation of the following proteins found to be correlated with mutation status in the tissue by Spearman's analysis did not appear to be EGF ligand-stimulated in a time-dependent manner (not greater than 20%) for either the wild type or mutant cell lines in vitro: IRS-1 Ser-612 (Fig. 9 ) and SMAD2 Ser-465/467. SMAD2 Ser-465/467 did not exhibit any changes greater than 20% in the initial screening experiment with multiple doses of EGF for the cell lines. DISCUSSION EGFR signaling involves five distinct steps: 1) ligand binding, 2) conformational change in the receptor, 3) homodimerization and/or heterodimerization with other ERBB family receptors, 4) autophosphorylation of tyrosine residues, and 5) transphosphorylation of downstream kinases (16, 46) . Although the underlying molecular mechanisms are continually being elucidated in greater detail and breadth, a "cancer biomarker problem" still exists for predicting response to EGFR-targeted therapies (47) . Somatic mutations within the kinase domain may affect each of these steps independently or result in a cascade of altered downstream signaling events dependent on the specific receptor mutation (30, 36, 48 -50) . Genomics and transcriptomics assays do not provide an effective recapitulation of the post-translational, fluctuating signaling events occurring at the proteomic level (33, 47, 51) . We utilized reverse phase protein microarrays as a means of quantitatively monitoring the in vivo state of selected phosphoprotein kinase pathways using laser microdissected human NSCLC. We used the same assay technology to monitor in vitro effects of ligand stimulation on NSCLC cell lines with mutated EGFR. The goal of this comparison was to obtain clues about the differential influence of the ligand presence or dose on the mutant EGFR carcinoma phosphoprotein phenotype.
Value of Laser Capture Microdissection-Jaramillo et al. (6) recently reported the limited ability of monolayer growth as- (16) . The specific type of phosphorylation, the simultaneous phosphorylation of multiple sites, and the time course of the phosphorylation can all influence the proteins that dock with the cytoplasmic tail of the receptor (52) (53) (54) . In this way the timing and pattern of phosphorylation events can regulate the downstream pathway interconnections emanating from the hetero-or homodimerization of the EGFR with other cell surface receptors in response to autocrine or paracrine ligands. The autophosphorylation sites inside the intracellular tail often serve as docking sites for a range of proteins and initiate cascades of separate and functionally distinct downstream signal pathways (55, 56) . Sequence mutations in the cytoplasmic tail are known to affect phosphorylation and the resultant intracellular protein binding (18, 19, 57) . Previous studies of post-translational modifications of the epidermal growth factor receptor have indicated that phosphorylation events are transient and rapidly fluctuating over time (32, 56, 58) . Indeed the temporal fluctuation of EGFR is thought to be the major mechanism by which a small family of receptors can influence a wide diversity of cellular functions such as regulation, differentiation, and even apoptosis (59, 60) . These spatial and temporal fluctuations of EGFR phosphorylation could be causal determinants in diseases such as cancer (56, 61) .
In these in vitro studies, the EGF ligand-stimulated fluctuations in the EGFR phosphorylation sites agree generally with those found using other approaches (52-54). The rapid rise followed by a dramatic non-linear decline supports the complex nature of cell signaling in which kinase-driven increases in phosphorylation and phosphatase-induced decreases in phosphorylation orchestrate the output signal of the network ( Figs. 6 and 9 ). Prior studies (Okabe et al. (37) ) of EGF ligand stimulation in the same cell lines was confined to a single dose of 100 ng/ml for 15 min, and the readout was Western blotting. In the present study we quantitatively examined a large number of end points (Table II) over three dosages of EGF (greater and less than 100 ng/ml) over a series of 10 time points. The results provide an in-depth survey of the potential network remodeling of pathway signaling in mutant versus wild type (Table V) .
Unsupervised hierarchical clustering revealed simultaneous up-regulation of EGFR residues Tyr-1148 and Tyr-1068 and down-regulation of HER2 Tyr-1248 and EGFR Tyr-1045 in the mutated EGFR patient cell populations compared with wild type (Figs. 2 and 3) . Based on what is known from cell line studies of the wild type receptor, these phosphorylation sites play a role in the docking of the receptor with downstream signal pathways in the phosphatidylinositol 3-kinase/AKT/ MTOR, SHC, and MEK/ERK networks (46) . In theory, stimulated EGFR could activate a wide variety of downstream signaling pathways (62) . The limited number of downstream hyperphosphorylated, activated proteins is in keeping with the expected docking partners for the EGFR phosphorylation sites that are simultaneously up-regulated in the mutant. FAK Tyr-576 (Table V) suggests that the signaling pathways associated with these EGFR docking proteins are activated in both the wild type and mutant cell lines. This would drive oncogenic cell proliferation/survival, cell migration/invasion, and cell differentiation (46) . Two pieces of evidence point to multiple EGFR phosphorylation events existing at the same point in time for the mutated receptor population. The first is the augmented amplitude of phosphorylation sites on multiple residues for the mutant microdissected carcinomas. The second is a very strong Spearman's correlation (p Ͻ 0.0001) for pairs of phosphorylation sites on the EGFR within the mutant but not the wild type receptor. The existence of multiple simultaneous phosphorylation sites on the receptor may be a relatively unusual event and could potentially point to an oncogenic state for the mutated receptor. In a previous study (54) we analyzed phosphorylation over six Lys-C fragments of EGFR following EGF ligand stimulation. The long fragments generated by our digestion scheme (e.g. one fragment was over 10 kDa) allow potential estimates of the extent of multiple phosphorylations. We found that diphosphorylation was estimated to be at least 10-fold lower than monophosphorylation. In the previous study most peptide fragments appeared to be monophosphorylated. This observation is a reflection of the average over the population of EGFR molecules where it is unknown what proportion is engaged with EGF. Within the population of tumor cells in the lung tissue microenvironment, the spatial and temporal fluctuations, cell of origin, and molecular class of EGFR ligand is unknown. Consequently the finding of multiple simultaneous and correlated (Figs. 2 and 3 ) phosphorylation sites on the mutated receptor cases may provide physiologically significant insights.
EGF Receptor Ubiquitination-associated Phosphorylation-
Reduced phosphorylation of EGFR Tyr-1045 in the mutant, found to be discriminatory in the tissue, also appeared to be altered in a time-and dose-dependent manner in vitro for the EGF ligand-stimulated wild type cell line, reaching a higher amplitude compared with the mutant (Fig. 10) . Reduced phosphorylation of EGFR Tyr-1045 noted in EGFR mutant tissue cases has previously been associated in mutant EGFR breast cancer cell lines with modified receptor internalization and degradation (63) . Huang et al. (64) reported mutagenesis studies in which EGF receptors that displayed minimal ubiquitination were nonetheless internalized at a rate similar to that of wild type EGFR but not degraded. Previous work studying EGFR Tyr-1045, ubiquitination, and degradation has been performed on cell lines or transfected cells (55, 65) . Oksvold et al. (55, 66) demonstrated via mutagenesis studies that EGFR serine residues 1046/1047 and tyrosine residue 1045 are essential for receptor ubiquitination in wild type EGFR cell lines.
An interesting observation from our tissue analysis was the strong correlation of 14-3-3 ␥ with EGFR Tyr-1045 in the Spearman's analysis of microdissected NSCLC samples (Table IV) . We also noted a concomitant hypophosphorylation at Tyr-1045 and reduced levels of 14-3-3 ␥ in the EGFR mutant NSCLC samples compared with wild type (Fig. 2 ). 14-3-3 regulates its binding partners via various mechanisms including formation of protein complexes (66 -68) by binding phosphoserine motifs (69) . Serine residues in the vicinity of EGFR Tyr-1045 are thought to be critical for receptor degradation as well as attenuation of receptor activity (70, 71) .
Site-directed mutagenesis studies of wild type EGFR in NIH3T3 cells revealed that the cytoplasmic tail (amino acids 1029 -1186), but not specific serine sites 1046/1047, were necessary for EGF-stimulated binding of 14-3-3 to EGFR (66) . Although the authors did not draw any definitive conclusions regarding the significance of this interaction, we may speculate that a mutation in the tyrosine kinase inhibitor domain site, such as L858R, also affects the binding of 14-3-3 proteins. Dysregulation of 14-3-3 binding may possibly interfere with phosphorylation of Tyr-1045 and/or interfere with c-CBL binding, thus further reducing the rate of receptor ubiquitination.
The present study with tissue samples supports the concept that EGFR Tyr-1045 is hypophosphorylated in vivo, compared with wild type, for the class of EGFR mutations studied. Because the same finding was present for the wild type versus mutant EGF-treated cultured cells this may reflect one possible intrinsic phenotype of the mutant receptor independent of ligand induction.
As shown in Table III , SMAD phosphorylation was augmented in association with the microdissected lung carcinoma cells containing the wild type EGFR but was reduced in the cases of the EGFR mutation. If this difference reflects an oncogenic difference at the molecular level, then reduced SMAD phosphorylation may reflect a reduced signaling through the transforming growth factor ␤ pathway (72) (73) (74) .
COX2, an enzyme inducible by cytokines, growth factors, and other stimuli, has been reported to be constitutively elevated in NSCLC (75) (76) (77) . In the present study we found COX2 levels were correlated with total EGFR, EGFR Tyr-1148, and EGFR Tyr-845 for mutant EGFR, but not the wild type, in the tissue samples. On the other hand, in the wild type tissue samples, COX2 was correlated with IRS-1 Ser-612 but not EGFR (Table IV) . In previous studies we have noted an EGF ligand augmentation of COX2 production in H23 cell lines (K-RAS 12 mutation) (78) .
Implications of Phosphorylation Patterns Influenced by the EGFR Network-The mutant and wild type samples could be influenced by unknown mutations in non-EGFR genes that could directly or indirectly affect the EGR pathway. Indeed through these alternative routes the EGF pathway may be active and involved in the pathogenesis of the tumor without the requirement for a mutation in the EGF receptor itself. In the microdissected tissue, there were six of 17 patients without known EGFR mutations who exhibited phosphorylation of one or more individual sites on the EGFR and associated increased phosphorylation of IRS-1 Ser-612, AKT Ser-473, AKT Thr-308, and ERK Thr-202/Tyr-204. These patients may benefit from tyrosine kinase inhibitor therapy even though they do not harbor a known mutation in the EGF receptor. One challenge facing rational drug design of ERBB family receptors is receptor homodimerization and heterodimerization with other ERBB family members including VEGFR, insulinlike growth factor receptor (IGF-1R), and ERBB2 (HER2) (28) . Therefore, we included an analysis of ERBB2 (HER2)-and IGF-1R-related signaling. Phosphorylation of HER2 Tyr-1248 was up-regulated in the wild type EGFR carcinoma cells for both tissue samples (Figs. 2 and 3) and EGF-stimulated cell lines compared with the mutant (Fig. 9) . This difference may reflect a higher level of heterodimerization between EGFR and HER2 in the wild type cells and may be an intrinsic phenotype of the mutant versus the wild type.
In both sets of time course EGF ligand-treated cell line experiments AKT was persistently elevated for the EGFR mutant cell line compared with the wild type for all dosages of EGF stimulation (5, 50, 100, or 500 ng/ml). The defect produced a longer lasting up-regulation of phosphorylated AKT in the EFGR mutation carcinoma compared with the wild type receptor following EGF ligand stimulation. Translating this hypothesis to the in vivo carcinoma cell population, we can postulate that, for the case of the known mutated EGFR carcinoma population, at any point in time a higher proportion of the cells will exhibit activation of the AKT pathway thus suppressing apoptosis and providing a survival advantage.
The differential phosphorylation events for the mutant EGFR (regardless of the class of the receptor mutation in vivo Table I ) could be a consequence of the altered three-dimensional conformation of the receptor itself or a difference in its propensity for heterotypic dimerization with other ERBB members. This is supported by the altered and less robust phospho-EGFR dose response for the mutant compared with the wild type receptor and the correlation with HER2 phos- phorylation. A specific mechanism that could extend the phosphorylation state of AKT noted for the mutant EGFR is the activity of the negative feedback loop down-regulating AKT from MTOR through IRS-1 (79) . IGF-1R induces antiapoptotic signaling via IRS-1, SHC, and 14-3-3 in A549 cells. The IGF-1R tyrosine kinase inhibitor AG1024 has been demonstrated to decrease both IRS-1 and SHC phosphorylation in A549 cells (80) . It has previously been shown that the MTOR pathway (MTOR is a substrate of AKT) is connected in a negative feedback loop through the IRS-1 Ser-612 phosphorylation site (40, (81) (82) (83) (84) . In the wild type receptor this residue was one of the few residues correlated with MTOR Ser-2481 and COX2 (Table IV) . In contrast, a correlation with IRS-1 Ser-612 was not noted for the mutant. This finding is similar to that observed for microdissected rhabdomyosarcoma for which the aggressive tumors were associated with an increase in AKT Ser-473 and a lack of correlation of MTOR with IRS-1 Ser-612 (40) .
As shown in Fig. 2 , total EGFR levels were variable between both the mutant and wild type patient samples. As noted previously, neither histoclinicopathologic features nor the number of receptors can accurately predict an individual's therapeutic response (85, 86) . Thus, a combination of genomics and proteomics molecular analyses may be the best theranostic indicator for individualized therapy (86, 87) . Despite the fact that our tissue and cell line results led us to conclusions about signaling differences in the mutant relevant to the oncogenic phenotype, we cannot exclude that the differences in the tissue samples between the mutant and the wild type are indirectly influenced by known or unknown epidemiologic or genetic differences in the carcinoma cells or the non-tumor tissue of the patient. In this small study of lung carcinoma tissue, any conclusions we make about molecular differences have to be considered in this context. For this reason, the comparison of the in vitro EGF ligand-treated cell line studies with the findings based on microdissected cells provides some degree of assurance that the conclusions based on the LCM-procured carcinoma cells reflect a true difference between the mutant and wild type cells.
These findings, based on microdissected NSCLC, have relevance to the individualized therapy of lung cancer with drugs that inhibit the EGFR pathway. An elevated level of phosphorylation of one or more of these residues in proteins of associated downstream pathways, compared with a base-line value, may indicate that the patient is likely to be responsive to (a) EGFR therapy (e.g. to treatment with an agent that inhibits the kinase activity of EGFR), (b) a kinase inhibitor directed toward an associated downstream pathway, or (c) a combination of an EGFR inhibitor and an inhibitor of a member of one of the identified downstream pathways. This is because activity of the downstream proteins indicates that the entire EGF-associated pathway is active and in use in the cancer cells. If the entire pathway is active, then the cancer cell is more likely to be driven by this pathway and thus would be effectively treated by blocking multiple nodes along this pathway.
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